The Cordillera Real of the Bolivian Andes is a large, tectonically active mountain range that dominates sediment influx into the Amazon Basin, but rates of exhumation in the orogen are poorly known. We present 20 new apatite fission track ages from two valleys in the Cordillera Real to constrain patterns of mountain range exhumation over 10 6 -10 7 yr. We interpret these and previously published data from a third valley using a 2-D thermal model that accounts for topographic and advective influences on measured cooling ages. Exhumation rates in the Cordillera Real are ∼0.2-0.6 mm/yr, comparable to rates in parts of Denali, the Washington Cascades, the Olympic Mountains, and the European Alps and an order of magnitude slower than rates in Taiwan, Nanga Parbat, the Greater Himalaya of Nepal, and the Southern Alps of New Zealand. Three-to fourfold cooling age variations in the Cordillera Real imply at least twofold exhumation rate variations within and between valleys over distances of only tens of kilometers. Topography in the cross-valley dimension affects exhumation rate estimates by 20%-30% in the downstream portions of two sample transects. Along-valley topographic effects are less significant in this setting, affecting exhumation rate estimates by !15%. The most significant along-valley topographic effects are associated with long-wavelength mountain shape, including both retreat of the closure temperature isotherm near the mountain crest and compression of low-temperature isotherms farther down the mountain flank. Locally varying phenomena (e.g., subregional structural history or transient patterns of local channel incision) must exert important controls on long-term erosion patterns in order to produce observed short-wavelength exhumation rate variations. Comparison of exhumation rate estimates with modern erosion rates suggests that long-term and short-term average erosion rates likely vary by less than twofold.
Introduction
Recognition of mountain ranges as the world's dominant sediment sources (Milliman and Meade 1983; Milliman and Syvitski 1992) has highlighted the role of mountain erosion in processes ranging from the filling of lowland basins (Paola 1989; Slingerland et al. 1994) to the chemical evolution of seawater (e.g., Raymo et al. 1988; Richter et al. 1992) . Intrarange variations in long-term erosion rates not only shape the modern landscape but also express the response of geomorphic systems to tectonic and climatic forcing and can thus help shed light on mountain building processes. Establishing long-term (order of 10 6 -10 7 yr) rates and patterns of mountain erosion, both among and within individual ranges, is therefore a high priority among geoscientists. Thermochronology has become an indispensable tool for such studies because, in many mountain ranges, the surfaceward movement of rock (exhumation) recorded by thermochronometers is predominantly accomplished by surface erosion.
The Cordillera Real in the Bolivian Andes flanks the Andean plateau at its widest point ( fig. 1 ) and dominates sediment influx into the Amazon Basin (Dunne et al. 1998; Aalto et al. 2006 ). This range also contains spectacular topography and some of the highest peaks in the Bolivian Andes, but its rate of exhumation is not well known. The most widely cited exhumation rate estimates in the range are derived from a suite of zircon and apatite fission track ages from the Zongo River valley (Benjamin topography at sample site locations. White indicates elevations 15100 m; blue indicates elevations between 4200 and 5100 m; red indicates elevations between 3000 and 4200 m; orange and yellow indicate elevations !3000 m. Boxes contain sample label and mean cooling age (Ma), with measurement error reported to 2j. Zongo River valley data are from Benjamin et al. (1987) and exclude sample locations in the Altiplano watershed. et al. 1987) . These valuable data demonstrate that, at least locally, the magnitudes of long-term exhumation rates in the Cordillera Real have been a few tenths of a millimeter per year over the last 40-45 m.yr. However, the geographic scope of this data set limits assessment of the spatial pattern of long-term exhumation within the Cordillera Real.
In addition, questions remain about how best to interpret thermochronologic data from the Bolivian Andes and other mountain ranges. Previous interpretations of the Zongo River valley fission track ages have focused largely on temporal patterns of exhumation, and most have assumed spatially uniform exhumation along the original ∼25-km-long sample transect, an assumption that remains untested. No assessments have been made of the influence of mesoscale topography on local cooling histories, so the degree of model complexity appropriate for interpreting thermochronologic data in this range remains uncertain.
The aims of this article are (1) to expand the thermochronologic data set from which long-term erosion rates in this range are derived, (2) to determine whether long-term exhumation rates in the Cordillera Real vary over spatial scales of several tens of kilometers and therefore whether a priori assumptions of spatially uniform erosion over the transect scale are justified, and (3) to assess the significance of topographic corrections on exhumation rate estimates. We report 20 new apatite fission track (AFT) ages from two valleys in the Cordillera Real and interpret the entire data set, including that of Benjamin et al. (1987) , with a 2-D thermal model that accounts for topographic and advective influences on measured cooling ages. Hence, we make both an empirical and a methodological contribution to documentation of exhumation rates in the Cordillera Real.
Study Area
The Cordillera Real lies at the SW margin of the Eastern Cordillera, which comprises the eastern flank of the Andean plateau in Bolivia ( fig. 1 ). In the study area, the Eastern Cordillera is approximately 100 km wide, over which mean elevation drops about 4 km. The landscape is dissected by deep, SW-NE-trending valleys carved by the trunk streams of the Upper Beni River system that cut across regional topographic and structural strike. To the SW of the Eastern Cordillera lies the internally drained Altiplano, a predominantly flat plateau surface with an average elevation of ∼3.7 km. To the NE lie the Sub-Andes, a thin-skinned foldand-thrust belt characterized by alternating synclines filled with sediment and anticlines of moderate (∼1 km) relief. Toward the continental interior, the Sub-Andes give way to the foreland basin, which contains a sedimentary package 4-7 km thick (Watts et al. 1995) and is the locus of substantial modern deposition (Guyot 1993; Aalto et al. 2003) .
The Cordillera Real includes a line of Mesozoic and Tertiary granitic and granodioritic plutons that form the highest peaks in the eastern Bolivian Andes. The rest of the Eastern Cordillera is underlain predominantly by fine-grained Ordovician, Devonian, and Silurian sedimentary rocks intercalated with sandy beds. These packages are metamorphosed to varying degrees, locally producing shales, slates, phyllites, metagraywackes, schists, sandstones, and quartzites. Localized zones of contact metamorphism are associated with the plutons of the Cordillera Real.
Apatite Fission Track Sampling and Results
The plutonic rocks of the Cordillera Real have proven amenable to a broad range of thermochronologic analyses (e.g., Clark and Farrar 1973; Crough 1983; McBride et al. 1983; Benjamin et al. 1987) , unlike the metasedimentary rocks in the rest of the Eastern Cordillera. Hence, sampling was primarily confined to granitoid lithologies ( fig. 1) . A number of valleys in the Upper Beni River system begin in the plutons of the Cordillera Real, and the occasional road or trail that follows these valleys offers access to the plutons. To supplement the samples of Benjamin et al. (1987) from the Zongo River valley, we collected seven samples from the Taquesi River valley and 13 samples (including several replicates) from the Challana River valley. Samples were obtained from outcrops of plutonic rock predominantly in or near valley bottoms ( fig. 1 ). Sam- Note. Numbers in parentheses indicate number of tracks. E. Safran, M. Singer, and L. Holland crushed and washed samples and separated minerals at the University of California, Santa Barbara, using standard techniques. All fission track analyses were done by A. Blythe at the University of Southern California. Apatites were mounted in epoxy. Sample surfaces were ground and polished. Apatite mounts were etched in 7% HNO 3 at 18ЊC for 22 s. An "external detector" (e.g., Naeser 1979) consisting of low-U (!5 ppb) Brazil ruby muscovite was used for each sample. Samples were irradiated in the Cornell University Triga nuclear reactor. After irradiation, the muscovites were etched in 48% HF at 18ЊC for 30 min. Tracks were counted using a #100 dry lens and #1250 total magnification in crystals with well-etched, clearly visible tracks and sharp polishing scratches. Standard and induced track densities were determined on external detectors (geometry ), and fossil track densities were determined factor p 0.5 on internal mineral surfaces. Ages were calculated using for dosimeter glass SRM 962a (e.g., Hurford and Green 1983) . The conventional method (Green zeta p 320 ‫ע‬ 9 1981) was used to determine errors on sample ages. The x 2 test estimated the probability that individual grain ages for each sample belong to a single population with Poissonian distribution (Galbraith 1981) . Of the new ages presented in this study, only two failed the x 2 test. One of these (C3) was likely due to the small number of grains available for counting. The cause of the x 2 test failure in the other sample (C1B) is unclear, but the central age of this sample is identical (within error) to those of nearby samples C1A and C1C. a Zongo (Z) data from Benjamin et al. (1987) , exclusive of samples in Altiplano watershed. b A central age (Galbraith and Laslett 1993) is used in interpretations when the pooled data failed the x 2 test at !5%. c Errors are 2j. d Population method was used to date the Zongo River valley apatite samples (Benjamin et al. 1987 (Naeser 1976) . Fission tracks are fully retained in sufficiently cool rocks and partially retained within a closure zone that spans ∼40Њ-60ЊC (Fleischer et al. 1965; Green et al. 1989) . A fission track "age" represents the time at which a rock cools below an effective closure temperature, which varies depending on cooling rates (Dodson 1979) but is ∼110Њ-120ЊC for rocks that cool at 10Њ-20ЊC/Ma (Naeser and Faul 1969; Green et al. 1986 ).
Fission track ages from the Taquesi, Challana, and Zongo river valleys are shown in figures 1 and 2 and table 1. The oldest ages are ∼20 Ma and occur only in the Challana River valley. These old ages are found on the valley walls at the upstream end of the main valley or in small tributary valleys etched into those walls. Ages at the downstream end of the sampled portion of the valley are all Շ11 Ma, with the youngest age of ∼6 Ma occurring at the valley bottom at the downstream-most extent of sampling ( fig. 2 ). In the Zongo River valley, the oldest age is ∼16 Ma (Benjamin et al. 1987) . As in the Challana valley, the youngest ages in the Zongo valley are also ∼5-7 Ma. Ages appear to decrease slightly downvalley, although the trend is not statistically significant at the 5% level ( fig. 2 ). AFT ages in the Taquesi River valley exhibit a different pattern. The youngest ages again fall between 5 and 7 Ma, but these cluster at the upstream end of the valley. The older ages, peaking at ∼10 Ma, tend to occur at the downstream end of the area sampled ( fig. 2) , although, again, the trend is not statistically significant ( ). P p 0.05 These age distributions illustrate that distinct intra-and intervalley variations in thermochronologic patterns occur over distances of only tens of kilometers. The interpretation of exhumation histories from these patterns inevitably involves some assumptions. In the following section, we review previous interpretations of the Zongo River valley fission track data, highlighting the assumptions implicit in these interpretations. In the subsequent sections, we introduce our interpretive schemes and their assumptions and apply them to the Zongo, Challana, and Taquesi river valley data.
Previous Interpretations of Fission Track Data in the Cordillera Real
The Zongo River valley data presented by Benjamin et al. (1987) have been interpreted in several ways, with a primary focus on defining temporal patterns of exhumation in the Cordillera Real. For example, Benjamin et al. (1987) posited increasing exhumation rates toward the present on the basis of two kinds of analyses. The simplest interpretation plotted sample elevation against cooling age and determined "mean" exhumation rates from the slopes of best-fit lines, which Benjamin (1986) reported as 0.18 mm/yr for the apatite cooling ages (∼7-16 Ma) and 0.07 mm/yr for the reset zircon cooling ages (∼45-30 Ma). Benjamin et al. (1987) also obtained erosion rate estimates for individual samples or pairs of samples using both the elevation dependence (e.g., Wagner and Reimer 1972; Fitzgerald et al. 1993 ) and mineral pair (e.g., Zeitler et al. 1982) methods. The resulting exhumation rate estimates, widely cited in the literature, ranged from 0.1 to 0.7 mm/yr and were presented in a plot of mean erosion rate associated with each sample against the mean age of the sample. From this plot, Benjamin et al. (1987) inferred increasing exhumation rates toward the present. While both Masek et al. (1994) and Anders et al. (2002) critiqued the latter interpretation as an artifact of the common variable problem, each study upheld the notion of an exhumation rate increasing toward the present. Masek et al. (1994) reasoned that, because the closure temperature of zircon is roughly twice that of apatite and yet Benjamin et al.'s (1987) zircon ages were more than twice those of the corresponding apatite samples, erosion rate must have increased toward the present. Anders et al. (2002) supported this conclusion with a quantitative forward model that coupled apatite and zircon age-elevation profiles and identified vertical velocity functions that fit both sets of data. They argued for exponentially increasing exhumation rates over the last 50 m.yr., from 0.12 to 0.40-0.75 mm/yr. Masek et al. (1994) assumed a linear geothermal gradient, and Anders et al. (2002) assumed a spacing between zircon and apatite closure isotherms invariant in space and time. However, because heat advection via erosion can cause the geothermal gradient to vary both with depth and through time (e.g., England and Richardson 1980; Foster et al. 1994; Mancktelow and Grasemann 1997) , assertions about temporally increasing erosion rate required further testing. Moore and England (2001) used a 1-D diffusive-advective thermal model to simulate time-temperature histories in the Cordillera Real. The authors found that, within the uncertainties of the data, the Benjamin et al. (1987) zircon and AFT cooling ages were consistent with a steady, uniform erosion rate of 0.3 mm/yr over the last 50 m.yr.
Spatial patterns of exhumation in the Cordillera Real have been much less extensively examined than temporal patterns. Each analysis that used all the Zongo River valley data to define a single exhumation history (e.g., Benjamin et al. 1987; Moore and England 2001; Anders et al. 2002) implicitly or explicitly assumed spatially uniform exhumation among sample locations during the time when cooling ages were set. However, long-term nonuniformity of exhumation along the Zongo valley transect is a possibility that requires evaluation, given the substantial length of the original transect (∼25 km). Only Masek et al. (1994) emphasized potential spatial variations in exhumation rate by making individual exhumation rate estimates for each sample location and plotting these estimates (ranging from 0.2 to 0.9 mm/yr) against alongtransect position. Masek et al.'s (1994) exhumation rate estimates would change in the face of more detailed representations of local geothermal gradients (e.g., that vary in time and space). In addition to reflecting advective effects, near-surface geothermal gradients can be strongly affected by mesoscale (wavelength and amplitude of order of 10 and 1 km, respectively) topography (e.g., England 1979; Stü we et al. 1994; Mancktelow and Grasemann 1997) , which likely existed when the apatite cooling ages were set. At present, topographic wavelength and amplitude vary from about 5 and 0.25 km near the western end of the Zongo transect to about 15 and 1 km at the eastern end. No previous interpretations of thermochronologic data in the Cordillera Real account for these effects; hence, their importance remains unknown.
Like Masek et al. (1994) , we relax the assumption that all sample locations experienced the same exhumation history by estimating exhumation rates for individual sites. Like Moore and England (2001) , we relax the assumption of a steady, linear geothermal gradient by interpreting our data with a diffusive-advective thermal model. Last, we relax the assumption that "preexisting topography, and any differential erosion that took place to produce the present relief, did not influence the isotherms until after the youngest ages were set" (Moore and England 2001, p. 279) . We do so by representing topographic conditions at each sample site within a 2-D thermal model and by modeling cooling ages individually. This approach, in combination with new AFT data from two valleys, permits evaluation of spatial patterns of exhumation in the Cordillera Real. We also reflect briefly on temporal patterns of erosion (see "Discussion") by comparing the relative magnitudes of exhumation rate estimates presented here with new erosion data collected in the Upper Beni River region that average over thousands of years (Safran et al. 2005) .
A Thermal Modeling-Based Exploration of Fission Track Age Interpretation
The aim of our modeling effort was to determine how much of a difference increasing degrees of model complexity make to exhumation rate estimates for the Cordillera Real and in which dimensions, if any, topographic representations are important. To address these questions, we derived four exhumation rate estimates from each individual cooling age. The first was calculated simply by dividing a presumed closure isotherm depth by the cooling age of each sample, assuming a linear, spatially and temporally invariant geothermal gradient. To be consistent with Benjamin et al. (1987) , we assumed a geothermal gradient of 30ЊC/km, a surface temperature of 10ЊC, and a 110ЊC closure temperature (at a 3.3-km depth) for the AFT system. This exhumation rate estimate represented the simplest and most traditional method of cooling age interpretation. The other three exhumation rate estimates were all made using a combination of a 2-D thermal model and a fission track annealing model. The thermal model was applied to three different topographic characterizations of each sample site, using (1) flat topography (calculation reduces to a 1-D case), (2) a cross-valley topographic profile, and (3) a longitudinal or along-valley topographic profile.
Our modeling strategy was to use the thermal and fission track annealing models to obtain a simulated cooling age for each sample site, and we adjusted exhumation rate in the thermal model until the simulated cooling age matched the measured cooling age. Specifically, we used the thermal model to simulate a temperature field in the shallow subsurface that varies as a function of time, space, and exhumation rate. The model, described by Safran (2003) , is a finite difference program that solves the governing equation Turcotte and Schubert 1982) , T is temperature (ЊC), x is horizontal distance (km), z is vertical distance (km), is exhumation rate (km/yr), and t is time (yr). On the right-hand side of the equation, the first term represents the contribution of lateral and vertical heat conduction to temperature variation through time. The second term represents the contribution of vertical advection of heat via exhumation. We neglected near-surface effects of radiogenic heat production because these are small relative to the effects of advection for moderate (10-12 km) amounts of exhumation (Mancktelow and Grasemann 1997) .
For each simulation, we selected an exhumation rate and followed a rock parcel from depth to its point of emergence on the surface (the sample collection site), recording the time-temperature history during the parcel's upward trajectory. The resulting time-temperature history was then put through a numerical model of fission track annealing, AFTSolve (Ketcham et al. 2000) , to obtain a simulated cooling age. This was necessary because, for slowly eroding landscapes (≤0.2 mm/yr), the concept of a sharp closure temperature is an oversimplification that affects modeled cooling ages by ∼2-7 Ma. AFTSolve quantitatively acknowledges the loss or partial loss of fission tracks over a range of temperatures between about 50Њ and 110ЊC (Fleischer et al. 1965; Green et al. 1989) . If the simulated cooling age did not match the mean measured cooling age for a sample site, exhumation rate was adjusted and the process was repeated.
We recognize that local exhumation histories cannot be constrained uniquely with the data available. We made incremental progress on the problem by accounting for the effects of local topography and heat advection due to erosion and determining the locally uniform, steady erosion rate required to generate each cooling age while acknowledging that many real local exhumation histories may have been unsteady and/or nonuniform, e.g., because of spatial or temporal variations in tectonic activity, climatic changes, or drainage network rearrangements. We assumed that topographic profiles were temporally invariant, an assumption the consequences of which we evaluate in "Discussion."
Both cross-valley and along-valley profiles at each sample site were determined from a digital elevation model of ∼90-m resolution. Cross-valley profiles captured the topographic wavelengths dominating the subsurface thermal field near each sample, not simply the immediate topography ( fig.  3a) . We selected profiles by running our calculations over various length scales. Cross-valley profiles represent the minimum distance beyond which extending the profile length made no difference to the modeled erosion rate estimates. Alongvalley profiles were extended well onto the Altiplano and into the foreland basin to ensure adequate expression of the long-wavelength topography ( fig. 3b) .
Modeled cooling ages are not steady-state ages because, for erosion rates of a few tenths of a millimeter per year, a steady-state temperature distribution is achieved only after many tens of millions of years (Mancktelow and Grasemann 1997) . The choice of simulation duration therefore affects the final modeled cooling age. In general, the time of onset of a particular erosion rate in a landscape is not known. To minimize the influence of this unknown quantity on modeled cooling ages, we chose simulation durations that (1) reset all apatite ages and (2) yielded incremental changes in cooling ages per additional million years of simulation time of ≤0.2 m.yr./m.yr. For model runs employing erosion rates of !0.15, 0.15-0.2, 0.2-0.4, and 10.4 mm/yr, we used simulation durations of 40, 30, 20, and 15 Ma, respectively. The initial condition for each model run was one of steady-state adjustment to the topography in the absence of heat advection due to erosion. Temperature of the upper boundary condition was specified by assuming a mean annual temperature of 26ЊC at an elevation of 220 m and applying a 5.1ЊC/km lapse rate to the topography.
To indicate how measurement errors on cooling ages translate into uncertainty in exhumation rate estimates, we determined the locally uniform, steady exhumation rates required to generate cooling ages ‫2ע‬j from the measured age. Such values were calculated only for best estimates of exhumation rate at each sample site. We have not attempted to place full error bars on our exhumation rate estimates because we lack information about how certain model parameters (e.g., thermal diffusivity, heat flux at lower boundary condition) might realistically be expected to vary in the study region and because most variations in model parameters will produce systematic errors on exhumation rate estimates but will preserve trends among them. A possible exception might result from major compositional variations among apatites. Cl-rich apatites are more resistant to annealing and hence have generally higher closure temperatures than F-rich apatites. We lack information about compositional variation among apatites from the valleys sampled. However, Cl-rich apatites are rare (e.g., Phillips and Griffen 1981), and we have no reason to suspect a priori that major compositional gradients exist in the study area. Table 2 and figure 4 summarize all four erosion rate estimates made for each location. For each location, a "best estimate" was identified from among the three modeled exhumation rates on the basis of how strongly inclusion of topographic information in the cross-valley or along-valley dimensions affected the magnitude of the estimate relative to the 1-D case. If a 2-D calculation applied to either a cross-valley or along-valley profile produced an exhumation rate estimate within 10% of the value derived from the 1-D calculation, inclusion of topographic information in that dimension was considered unimportant for improving the accuracy of an exhumation rate estimate, and the results of the 1-D calculation were identified as the best exhumation rate estimate. If inclusion of topographic information in only one of the two dimensions produced a 110% change in the exhumation rate estimate relative to the 1-D case, the calculation incorporating topographic information in that dimension was deemed to represent the best exhumation rate estimate. In five cases, inclusion of topographic information in both the cross-valley and along-valley dimensions produced estimates that differed by 110% from the 1-D case. For our purposes, the calculation demonstrating the strongest topographic influence was identified as the best exhumation rate estimate, but at such locations cooling ages might profitably be modeled with a 3-D thermal model. Two-thirds of the discrepancies between the various estimates were in the range 0%-10%. Best estimates of exhumation rates for the whole data set range from ∼0.2 to 0.6 mm/yr (table 2). The ranges and means of best exhumation rate estimates for the valleys are 0.15-0.38 mm/yr (mean value: 0.23 mm/yr) for Challana, 0.18-0.48 mm/yr (mean value: 0.29 mm/yr) for Zongo, and 0.27-0.63 (mean value: 0.44 mm/yr) for Taquesi. Figure 5 illustrates the modes in exhumation rate estimates for each valley: 0.1-0.2 mm/yr for Challana, 0.2-0.3 mm/yr for Zongo, and 0.3-0.5 mm/yr for Taquesi. The mean of the best exhumation rate estimates for the Taquesi River valley is statistically distinct from those of the Zongo and Challana river valleys (t-test, ), which are not distinct P p 0.05 from one another.
Exhumation Rate Estimates in the Cordillera Real
Exhumation rate estimates derived from 1-D thermal model calculation and from the simple calculation assuming a spatially and temporally invariant linear geothermal gradient were in general very similar. In only four instances was the difference between the two estimates more than 10%, though clearly this difference depends on the value selected for geothermal gradient. In these cases, the 1-D thermal model calculation generally predicts a surfaceward shift of the closure temperature isotherm relative to its position along a 30ЊC/km geothermal gradient, so exhumation rate estimates based on the thermal model are slightly lower than estimates based on an assumed linear geothermal gradient.
The largest corrections to exhumation rate estimates made with relatively simple models (assuming a linear geothermal gradient or using a 1-D thermal model) occur when the 2-D thermal model is run with cross-valley topographic profiles for sites at the downstream ends of the Zongo and Challana river valleys (table 2) . At these locations, topographic wavelength and amplitude approach 15 and 0.75-1 km, respectively, and the exhumation rate estimates based on the 2-D model are 20%-50% lower than those based on simpler models (table 2). This reflects the representation of nearsurface isotherm compression in valley bottoms in the 2-D model, which implies a shorter travel distance from the closure temperature isotherm to the surface during the period represented by the cooling age. This effect is accounted for by the model used here (Safran 2003) .
The largest changes to exhumation rate esti- mates caused by including representations of alongvalley topography are ∼15%; hence, topographic information in this dimension is generally less important for interpreting the Cordillera Real thermochronologic data set than is topographic information in the cross-valley dimension. The effects of along-valley topography on exhumation rate estimates are most significant at the downstream ends of the Zongo and Challana transects and near the drainage divides of the Zongo and Taquesi transects (table 2) . At the downstream ends of the Zongo and Challana transects, modest along-valley topographic effects reflect the regional gradient down the mountain flank. The downstream ends of these transects are also the loci of the most significant cross-valley topographic effects, which are of greater magnitude ( fig. 4; table 2 ). Both influences act to compress near-surface isotherms and suggest a closure temperature isotherm at a shallower depth than that implied by either the linear geothermal gradient model or the 1-D thermal model. If the two topographic effects are additive, then exhumation rate estimates that account for both could diverge from exhumation rate estimates using a 1-D thermal model by 140%.
In the Taquesi River valley, the importance of representing along-valley topography in thermal models centers on the need to capture mesoscale topographic effects associated with the drainage divide. Near the drainage divide, the closure temperature isotherm is driven downward because of diffusive cooling in the ridge that forms the divide. The effect is particularly pronounced in this valley because headward incision of the La Paz River into the Altiplano, apparently during the last several million years (see "Discussion"), has excavated a depression on the hinterland side of the sampled pluton ( fig. 3b) . The pronounced topographic isolation of this pluton enhances, relative to the plutons sampled in other two valleys, closure tem-perature isotherm depression at the mountain crest. Deeper closure isotherms mean greater travel distances to the surface relative to those implied by a 1-D calculation. Therefore, the exhumation rate estimate based on the 2-D model applied to the along-valley topographic profile for sample T1 is larger than the exhumation rate estimate based on 1-D calculations.
Discussion
The data and interpretations presented here indicate spatial variations in cooling age patterns and exhumation rate on the scale of 10 to a few tens of kilometers within the Cordillera Real. In particular, the Taquesi River valley data differ from the Challana and Zongo river data in that (1) cooling ages from the Taquesi River valley do not exhibit a positive age-elevation relationship ( fig. 2b ) and hence defy interpretation by some of the traditional methods that have been applied to the Zongo River valley data (e.g., Benjamin et al. 1987; Kennan 2000; Anders et al. 2002) and (2) mean exhumation rate in the Taquesi River valley is significantly higher ( ) than in the other two valleys. Mean ex-P p 0.05 humation rate in the Taquesi River valley exceeds that from the Challana River valley by about twofold. We conclude that it is inappropriate to assume spatial uniformity of exhumation over the distances represented by these AFT sample transect lengths.
Since normal faulting has not been documented as a major exhumation mechanism in this mountain range, subregional variations in exhumation rate likely reflect differences in local long-term erosion patterns. These in turn reflect variations in local channel incision histories, since channel network incision sets the pace of long-term erosion in mountain ranges (e.g., Whipple and Tucker 1999; Whipple 2001) . Variations in local channel incision history may reflect (1) persistent differences in local climate or structural activity that directly drive differences in geomorphic response or (2) long-lived transience in the adjustment of channel networks to regional environmental conditions. In the latter case, spatial variations in long-term erosion rate may stem from channel network topology and drainage area distribution and/or from changes in the plan-form pattern of the channel network.
In the Cordillera Real, neither long-term paleoclimatic patterns nor structural kinematics is sufficiently well resolved spatially to determine how these might affect local exhumation rates. Hence, the importance of these controls remains unknown. On the other hand, the pluton sampled by the Taquesi transect is visibly unique among the three sampled in that it has been affected by transient changes in the surrounding channel network. The region to the SW of the pluton has been excavated by headward extension of the La Paz River into the Altiplano. The passage of a zone of enhanced local incision, or an incision "wave," up the La Paz River and its tributaries may help explain the higher computed exhumation rates in the Taquesi River valley. Lack of a positive ageelevation relationship ( fig. 2b ) also suggests a period of more rapid erosion, either while (Safran 2003) or after cooling ages were set, near the current pluton crest relative to downvalley portions of the Taquesi transect. Such an erosion pattern could have been produced by the headward propagation of an incision wave that reached the downstream portion of the Taquesi transect several million years before affecting the crest of the transect (e.g., Safran 1998). Two detrital apatite samples from sandstones in the La Paz River valley to the southwest of the sampled pluton ( fig. 1 ) also exhibit remarkably young ages:
and Ma (pooled ages; 2.63 ‫ע‬ 0.53 4.89 ‫ע‬ 1.87 Barnes et al. 2004 ). These ages, in combination with the exhumation patterns we document, suggest that headward incision of the La Paz River and its tributaries has indeed caused relatively rapid exhumation locally over the last few million years.
In addition to these intervalley differences in exhumation rate, our best exhumation rate estimates also exhibit substantial short-wavelength (several kilometers) variation within sample transects ( fig.  4) . There are several possible reasons for this variation: (1) there may be inherent variability in fission track data even within a sample locality, and differences among samples reflect that variability; (2) despite careful attention to topographic and advective influences on exhumation rate estimates, our best interpretive model may still neglect some important effect(s) on subsurface thermal fields; (3) our exhumation rate estimates may express the real "structural grain" of the mountain range; (4) our exhumation rate estimates may express long-term, transient differences in exhumation rate resulting from internal evolution of the drainage network over spatial wavelengths of !10 km. We express these possibilities to stimulate fresh approaches to thermochronologic sampling in this and other mountain ranges.
As well as highlighting spatial variations in exhumation rate, we have quantified topographic influences on exhumation rate estimates in the Cordillera Real. Incorporating topographic information in the cross-valley dimension resulted in a reduction of up to ∼30% in computed exhumation rate for locations at the downstream ends of sample transects. Incorporating topographic information in the along-valley dimension resulted in changes of up to ∼15% in computed exhumation rate for locations in the downstream portions of the Challana and Zongo river transects and at the crest of the Taquesi River transect. Mean 2j errors on AFT cooling ages are ∼25%, and uncertainties on best estimates of exhumation rate implied by errors on cooling ages are of the same magnitude (table 2) . We conclude the following: (1) effects of alongvalley topographic profiles may not be detectable by themselves at exhumation rates reported here; (2) cross-valley topographic information should be incorporated into exhumation rate estimates once topographic wavelengths and amplitudes approach 15 and 1 km, respectively; and finally, (3) the combined effects of cross-valley and along-valley topography should be explored for sample sites ∼15-20 km from the mountain crest.
Like every approach to interpreting thermochronologic data, ours involves several simplifying assumptions. Of these, the assumption of invariant topographic profile shape warrants particular discussion because it is unlikely to have been true over the last 5-20 m.yr. Since AFT cooling ages were set, the eastern flank of the Andean plateau has widened as deformation has shifted toward the foreland, and the mountains have risen through shortening (e.g., in the Sub-Andes) and/or movement along basement ramps (e.g., McQuarrie and DeCelles 2001; McQuarrie 2002) . However, the influence of long-wavelength topography on our exhumation rate estimates is minimal over the transect lengths studied, and most alterations of long-wavelength topography have occurred downbasin of our study area. Hence, although the assumption of long-wavelength topographic invariance has been violated during the last 5-20 m.yr., the violation likely lacks significant impact on our conclusions.
Mesoscale topography, in both the cross-valley and along-valley dimensions, has a more pronounced effect on our exhumation rate estimates. Very little information exists about temporal changes in mesoscale topography. The presence of a late Miocene fluvial deposit at the boundary between the Eastern Cordillera and the Sub-Andes (Fornari et al. 1987; Herail and Viscarra 1988) that invades the lower portions of the main valleys draining the Cordillera Real suggests that the current spacing of major valleys has been a persistent feature of this landscape. Hence, the element of mesoscale topography most likely to have changed over time is amplitude rather than wavelength.
Given the great amplitude (0.5-1 km) of the valleys at the lower portions of the sample transects, it seems unlikely that local relief in the cross-valley dimension was once much greater than it currently is. It is more probable that local relief in the downstream portions of the valleys may have increased somewhat since AFT cooling ages were set. If so, exhumation rate estimates in these localities underestimate the true local exhumation rates, because the closure temperature isotherm would have been deeper in valley bottoms and shallower under ridge tops at the time cooling ages were set than the current topography would suggest. Modeling by Safran (2003) suggests that the magnitude of the error associated with assuming topographic invariance when relief has actually been increasing is likely within ∼20% for the approximate exhumation rates and topographic wavelengths and amplitudes that characterize the study area. If local relief has also increased in the along-valley dimension near the drainage divides (e.g., because of river incision to the southwest of the Taquesi transect), our exhumation rate estimates in those locations are likely slight overestimates of true local exhumation rates. If, on the other hand, local relief in the along-valley dimension has decreased (e.g., because of propagation of the locus of most rapid incision up the Taquesi River valley), then exhumation rate estimates near the drainage divides underestimate true local exhumation rates.
The data and interpretations presented here expand the current understanding of Andean exhumation rates and permit these rates to be situated among global values with greater confidence. Overall exhumation rates across a broad portion of the Cordillera Real are confirmed to be ≤0.6 mm/yr and are an order of magnitude lower than those reported for Taiwan (e.g., Liu 1982; Willett et al. 2003) , Nanga Parbat (e.g., Zeitler et al. 1982; Whittington 1996; Moore and England 2001) , the Greater Himalaya of Nepal (Burbank et al. 2003) , and the Southern Alps of New Zealand (e.g., Kamp et al. 1989; Tippett and Kamp 1993) . The Cordillera Real appears to be exhuming at rates comparable to those of Denali (Fitzgerald et al. 1993) , the Washington Cascades (Reiners et al. 2003) , and parts of the Olympic Mountains (e.g., Brandon et al. 1998) and European Alps (e.g., Bernet et al. 2001) . The Cordillera Real itself has experienced significantly greater and more rapid exhumation than other parts of the Bolivian Andes (e.g., Masek et al. 1994) . Hence, despite their impressive size, the Bolivian Andes are not among the world's most rapidly exhuming mountain ranges.
Our analyses focused primarily on spatial pat- Be concentrations in alluvium from basins throughout the Upper Beni River basin (Safran et al. 2005) . Inset shows location of apatite fission track sample sites relative to nearby alluvium sample sites.
terns of exhumation, but comparisons with modern erosion rates can shed some light on temporal patterns of erosion. Our exhumation rate estimates represent the vertical component of long-term average erosion rates in the Cordillera Real. Because lateral motions of rock, which have not been quantified in the study area, are not included in our interpretive model, our exhumation rates may underestimate total long-term erosion rates.
Modern erosion rates that average over time spans of an order of 10 3 yr have been obtained for the Upper Beni River region, which includes the Cordillera Real (Safran et al. 2005) . These 48 erosion rate estimates are based on measurements of in situ 10 Be concentration in alluvium, which reflects total mass flux from sample basins rather than vertical rates of rock motion toward the surface. Mean and modal erosion rates are 0.42 ( ) and 0.2-0.4 mm/yr (Safran et al. 2005 ), SD p 0.29 respectively, compared with mean and modal ex-humation rates of 0.30 ( ) and 0.2-0.3 SD p 0.12 mm/yr. Direct comparison of exhumation rates and modern erosion rates is not possible for most individual localities because of nonoverlapping sampling schemes. However, in the headwaters of the Zongo River valley, modern erosion rates of 0.40-0.55 mm/yr (Safran et al. 2005;  fig. 6 ) are ∼1.5-1.8 times the mean exhumation rate for the AFT sample transect. The 10 Be-derived erosion rate for the Taquesi River basin of 0.64 mm/yr is 1.4 times the mean exhumation rate of the AFT transect, which lies in the headwaters of the basin (fig. 6 ). The 10 Bederived erosion rate for the Challana River basin is 0.95 mm/yr, almost four times the mean exhumation rate for the AFT transect, but the locations of the two sample types in this basin are so distant from each other ( fig. 6 ) that no meaningful comparisons can be made.
If the lateral flux of rock through the Cordillera Real is negligible, then our exhumation rate estimates represent long-term, total erosion rates, and modern erosion rates exceed them by less than twofold, a difference possibly driven by Late Cenozoic climate change. If the lateral flux of rock is as great as the vertical flux, then long-term, total erosion rates are approximately two times the exhumation rate estimates presented here, making them as great as, if not slightly greater than, modern erosion rates (which are ∼1.4-1.8 times the corresponding exhumation rates). Unless lateral fluxes of rock prove to be many times larger than vertical fluxes, our data suggest that modern and long-term average erosion rates likely vary by less than a factor of 2. If tectonic forcing exerts an important control on erosion rates in this range (e.g., Safran et al. 2005) , our data imply similarity between the current magnitude and the long-term (5-20 m.yr.) average magnitude of these forces.
Conclusions
The Cordillera Real exhibits three-to fourfold variations in AFT cooling ages over distances of ten to several tens of kilometers. Our modeling of temperature fields beneath exhuming terrain suggests that these variations (1) translate into two-to threefold variations in exhumation rate and (2) reflect generally higher exhumation rates in the Taquesi River valley than in the Challana and Zongo river valleys. Hence, it is inappropriate in interpretations of thermochronologic data to assume spatial uniformity in exhumation rates or patterns over several tens of kilometers.
Locally varying phenomena must exert important controls on long-term erosion patterns in order to produce short-wavelength exhumation rate variations of twofold or more. Passage of an incision wave up the La Paz River and its tributaries indicated by the headward extension of this ∼2-kmdeep valley system into the Altiplano may be responsible for the relatively high exhumation rate estimates associated with the Taquesi River valley transect.
Our calculations show that cross-valley topography affects exhumation rate estimates by 20%-30% in the downstream portions of the Challana and Zongo River valley transects. Along-valley topographic effects influence exhumation rate estimates by up to ∼15%. This correction is smaller than most uncertainties in exhumation rate estimates implied by cooling age measurement errors but incrementally increases overall topographic effects on exhumation rate estimates at the downstream ends of the Challana and Zongo river valley transects.
Despite their impressive size, the Bolivian Andes are not among the most rapidly exhuming mountain ranges on Earth. Comparison of exhumation rate estimates with modern erosion rates that average over thousands of years suggests that longterm and short-term average erosion rates are likely within twofold of one another.
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